ABSTRACT: Mounting evidence implicates the disease chytridiomycosis, caused by the fungus Batrachochytrium dendrobatidis, in global amphibian declines and extinctions. While the virulence of this disease has been clearly demonstrated, there is, as yet, no mechanistic explanation for how B. dendrobatidis kills amphibians. To investigate the pathology of chytridiomycosis, blood samples were collected from uninfected, aclinically infected and clinically diseased amphibians and analyzed for a wide range of biochemical and hematological parameters. Here, we show that green tree frogs Litoria caerulea with severe chytridiomycosis had reduced plasma osmolality, sodium, potassium, magnesium and chloride concentrations. Stable plasma albumin, hematocrit and urea levels indicated that hydration status was unaffected, signifying depletion of electrolytes from circulation rather than dilution due to increased water uptake. We suggest that B. dendrobatidis kills amphibians by disrupting normal epidermal functioning, leading to osmotic imbalance through loss of electrolytes. Determining how B. dendrobatidis kills amphibians is fundamental to understanding the hostpathogen relationship and thus the population declines attributed to B. dendrobatidis. Understanding the mechanisms of mortality may also explain interspecific variation in susceptibility to chytridiomycosis.
INTRODUCTION
Amphibians are currently undergoing the fastest rate of extinction of any vertebrate group (Stuart et al. 2004 ). While habitat destruction or overexploitation are obvious primary causes in some declines, determining why amphibians are experiencing catastrophic declines in protected areas has been more challenging. Amphibian mass-mortalities and declines have coincided with the appearance of the fungal pathogen Batrachochytrium dendrobatidis in wild amphibian communities (Lips et al. 2006 , Berger et al. 2007 ). This fungus is lethal to many species of amphibians (Berger et al. 1998 , 2005a , 2007 , Nichols et al. 2001 , Lips et al. 2006 ), yet the mechanism by which it causes death is unknown (Berger et al. 1998 (Berger et al. , 2007 . B. dendrobatidis is confined to the superficial layers of the epidermis and causes no consistent pathological changes in internal organs (Berger et al. 1998 , 2007 . Two hypotheses as to the cause of mortality in amphibians infected with B. dendrobatidis have been suggested. The first is that B. dendrobatidis disrupts osmoregulation in the skin of infected amphibians, and the second is that B. dendrobatidis produces a toxin that affects organs (Berger et al. 1998 , 2007 , Blaustein et al. 2005 . These hypotheses are not necessarily mutually exclusive. However, no study has provided data to determine if either or both hypotheses are correct. Amphibian skin is well studied due to its unique functions (Deyrup 1964 , Heatwole & Barthalmus 1994 , Jorgensen 1997 . The integument is a site of regulated transport for water, ions (electrolytes) and respiratory gases (Deyrup 1964 , Heatwole & Barthalmus 1994 , Jorgensen 1997 . Permeability of frog skin varies over the body surface of an individual and also among species (Deyrup 1964 , Heatwole & Barthalmus 1994 . In some species osmotic permeability is greatest in an area of ventral integument commonly referred to as the pelvic patch (Czopek 1965 , Baldwin 1974 , Word & Hillman 2005 , where there is dense cutaneous vasculature (Czopek 1965) . Concomitantly, Batrachochytrium dendrobatidis occurs more commonly and at higher density in the ventral integument of infected frogs (Berger et al. 2005b , Puschendorf & Bolaños 2006 . B. dendrobatidis grows within the keratinized cells of the superficial epidermis and causes irregular skin sloughing, hyperplasia and hyperkeratosis (Berger et al. 1998 , 2005b , 2007 . Other pathological changes including cytoplasmic degeneration and vacuolation in scattered cells have been observed by light and electron microscopy, but these changes are not usually severe (Berger et al. 2007 ). Thus, it is unclear how a superficial skin infection kills frogs.
The aim of this research was to investigate pathogenesis in amphibians with chytridiomycosis. We evaluated changes in physiological parameters after infection with Batrachochytrium dendrobatidis in the common green tree frog Litoria caerulea, a species known to be susceptible to infection (Berger et al. 2005a) . We found severely diseased frogs had reduced blood plasma osmolality and electrolyte concentrations, indicating osmotic imbalance. Other biochemical and hematological parameters including plasma proteins, tissue enzymes and hematocrit were measured as markers of general health and did not vary significantly.
MATERIALS AND METHODS
Blood samples were collected twice over the course of infection during an outbreak in captive-bred Litoria caerulea. This outbreak was monitored by swabbing frogs every 10 d for 73 d for Batrachochytrium dendrobatidis zoospore equivalents, determined by real-time PCR analysis (Boyle et al. 2004) . Together with clinical signs of disease, most of which are apparent only in the few days before death (Berger et al. 2007 ), these PCR results were used as indicators of severity of infection (Fig. 1) . Blood was collected for hematology and plasma biochemistry before and after frogs became diseased.
Frogs were housed individually at 18 to 23°C and fed vitamin-dusted crickets. Ten Litoria caerulea became infected, and 2 were uninfected. Within 16 d after suspected exposure, blood (<1% frog weight) was collected with a heparinized syringe and needle via the ventral abdominal vein or heart after anesthesia by shallow immersion in a solution bath of 0.1% MS-222 (tricaine methanesulfonate, Sigma Chemical). MS-222 does not kill Batrachochytrium dendrobatidis (Webb et al. 2005) . A sample of whole blood was analyzed (Bayer 865 rapidlab blood gas analyzer) for electrolyte concentrations, pH and carbon dioxide. Hemoglobin was measured using the modified Drabkin's method. Total red cells were counted using a modified Neubauer hemocytometer with NatHerrick's solution as the diluent. Plasma osmolality was measured using a Knauer automatic osmometer with 400 mmol l -1 standards. Litoria caerulea were monitored daily for clinical signs of chytridiomycosis including lethargy, inappetance, decreased respiration rate, cutaneous erythema, irregular skin sloughing and abnormal posture (legs splayed out posteriorly). A second blood sample was collected immediately before euthanasia for 7 infected L. caerulea when they showed obvious clinical signs between 53 and 73 d post-exposure (Days 53, 56, 59, 59, 59, 60, 72) and for 3 infected and 2 uninfected frogs that were clinically normal (Days 72 to 74). Samples were tested by blood gas analysis as previously described. A large range of blood biochemical parameters was measured to evaluate functioning of, or damage to, organs including liver, kidney muscle and pancreas. For this, plasma was analyzed for 16 biochemical parameters (amylase, lactate, aspartate, aminotransferase, creatine kinase, glutamate dehydrogenase, hemoglobin, platelets, hematocrit, albumin, bile acids, cholesterol, glucose, globulin, total protein and urea) (Olympus AU400 at 37C at IDEXX Laboratories, Brisbane). These methods were performed with James Cook University Animal Ethics Committee approval (Permit No. A593). All data were analyzed using SPSS statistics, Version 12.0. Data sets were tested for normality and homogeneity of variance (homoscedasticity), and non-parametric instead of parametric tests were used when violations of assumptions occurred.
RESULTS
Skin swab samples collected on the date of death in diseased frogs (n = 7) and at the termination of the experiment in aclinically infected amphibians (n = 3) indicated Batrachochytrium dendrobatidis zoospore equivalents were greater in severely diseased amphibians (Mann-Whitney test, p = 0.017). Swabs from uninfected amphibians (n = 2) were negative. There were no significant differences in blood test results between frogs that were uninfected and frogs that were infected but aclinical. However, amphibians with severe clinical signs of disease had significantly reduced plasma osmolality compared with both uninfected and aclinical groups combined (Table 1) . Further, severely diseased frogs had significant reductions in plasma sodium, potassium, chloride and magnesium concentrations ( Table 1) . None of the other 16 biochemical parameters (listed in 'Materials and methods') varied significantly (Table 1) .
In addition to comparing results among groups of amphibians with different severities of disease, we evaluated the changes in a range of biochemical parameters within individual Litoria caerulea as infections progressed. Significant biochemical changes occurred solely in amphibians that developed severe disease. Plasma concentrations of sodium, potassium, chloride and blood pH in severely diseased amphibians were significantly decreased in final blood samples compared with initial blood samples (Fig. 2) . None of these changes were detected in aclinically infected or uninfected amphibians (Fig. 2) . Furthermore, no other measured parameter (carbon dioxide, glucose, red cell count, hematocrit and hemoglobin) varied significantly in any group over time.
DISCUSSION
We provide evidence that severe chytridiomycosis causes decreases in blood pH, plasma osmolality and plasma sodium, potassium, magnesium and chloride concentrations. Reduction in electrolyte concentrations could occur if electrolytes were diluted due to increased water uptake or if there was an overall loss from the blood. We found no significant change from initial to final measurements in body mass, hematocrit, albumin, or urea, indicating that hydration status is probably unaffected in severely diseased frogs. Therefore, it appears that the reductions in electrolyte concentrations were due to depletion from circulation rather than water uptake. The disproportionate loss of electrolytes compared with water signifies an imbalance in osmotic homeostasis.
Osmotic balance in amphibians is complex because there are multiple sites of regulation (Deyrup 1964 , Heatwole & Barthalmus 1994 , Jorgensen 1997 . Amphibian skin is one site of regulation, and is critical to water and electrolyte homeostasis (Deyrup 1964 , Heatwole & Barthalmus 1994 , Jorgensen 1997 . Water flow results when an osmotic gradient is established by an exchange of electrolytes across the integument (Ussing & Zerahn 1951 , Deyrup 1964 , Heatwole & Barthalmus 1994 , Jorgensen 1997 . This tightly regulated transport is influenced not only by the salinity of the external aquatic environment, but also by plasma osmolality (Parsons et al. 1990 ) and skin circulation (Heatwole & Barthalmus 1994) . Thus, cutaneous osmoregulation and plasma osmolality are linked. Further, damage to amphibian skin can lead to fatal electrolyte imbalances (Wright & Whitaker 2001) . We suggest that Batrachochytrium dendrobatidis disrupts normal cutaneous transport, possibly through the alteration of electrolyte channels, leading to electrolyte loss and osmotic imbalance in diseased amphibians. Pathogens are known to compromise function in other epithelia such as mammalian trachea and intestine (Berkes et al. 2003 , Kunzelmann & McMorran 2006 . Electrolyte transport is disrupted by pathogen adhesion to protein-based receptors (Cameron & Douglas 1996 , Berkes et al. 2003 , Kunzelmann & McMorran 2006 or by pathogen-secreted toxins that alter cell function (Berkes et al. 2003 , Kunzelmann & McMorran 2006 . For example, sodium transport and fluid balance were disrupted when a viral pathogen was introduced to mouse tracheal epithelium (Kunzelmann et al. 2000) . This resulted from a down-regulation of amiloridesensitive sodium channels in the apical membranes of the epithelium (Kunzelmann et al. 2000) . It is possible that Batrachochytrium dendrobatidis disrupts sodium channels by a comparable mechanism. The selective barrier properties of frog skin are primarily determined by electrolyte transport in the mitochondrial-rich cells of the stratum granulosum (Ehrenfeld & Klein 1997) , where B. dendrobatidis is found in severe infections (Berger et al. 1998 ). This hypothesis is further supported by Ussing chamber tests (Ussing & Zerahn 1951 ) using skin samples from infected Bufo woodhousii, which showed that active sodium transport was reduced in diseased toads under short-circuit conditions (Voyles et al. 2005) . However, these results did not clarify if the loss of sodium and other electrolytes could occur via the skin or other excretion pathways. More specific tests investigating disruption of electrolyte transport are underway.
Although our results do not detail the exact mechanism by which Batrachochytrium dendrobatidis disrupts epidermal functioning, the severe reduction in plasma electrolytes is a plausible cause of mortality. Reduced plasma osmolality and reduced plasma electrolyte concentrations, particularly hyponatremia (low sodium) and hypokalemia (low potassium), are potentially life-threatening conditions because these electrolytes are crucial in cell membrane function. In addition, sodium and potassium facilitate the conduction of action potentials in smooth and cardiac muscle and are important in multiple physiological processes.
The 3 Litoria caerulea that appeared healthy despite infection had no significant changes in plasma osmolality or electrolyte concentrations. These results suggest that electrolyte reductions occur only in terminal stages of infection and may account for the neurological signs such as muscle tetany that precede death (Berger et al. 2007 ). While most amphibians can tolerate changes in plasma electrolyte levels (Deyrup 1964) , the observed decrease of approximately 30% plasma sodium and 50% plasma potassium concentrations in diseased frogs may be too extreme. Additional research is needed to resolve whether these conditions lead to death through cardiac arrhythmia, myocardial failure, organ failure, or a combination of these and other factors.
Determining how Batrachochytrium dendrobatidis kills amphibians is essential to understanding the biology of chytridiomycosis. Additionally, research on the mechanisms of pathogenesis may explain why there is interspecific variation in susceptibility to the disease, a key question for amphibian conservation. Resolving the pathophysiological effects will provide crucial information for researchers, wildlife managers and veterinary clinicians in treating captive frogs and facilitating the recovery of wild frog populations that are currently affected by the disease.
